NLRP1 (NLR family, pyrin domain-containing 1) is a contributor to innate immunity involved in intracellular sensing of pathogens, as well as danger signals related to cell injury. NLRP1 is one of the core components of caspase-1-activating platforms termed ''inflammasomes,'' which are involved in proteolytic processing of interleukin-1␤ (IL-1␤) and in cell death. We previously discovered that anti-apoptotic proteins Bcl-2 and Bcl-X L bind to and inhibit NLRP1 in cells. Using an in vitro reconstituted system employing purified recombinant proteins, we studied the mechanism by which Bcl-2 and Bcl-X L inhibit NLRP1. Bcl-2 and Bcl-XL inhibited caspase-1 activation induced by NLRP1 in a concentration-dependent manner, with Ki Ϸ 10 nM. Bcl-2 and Bcl-XL were also determined to inhibit ATP binding to NLRP1, which is required for oligomerization of NLRP1, and Bcl-X L was demonstrated to interfere with NLRP1 oligomerization. Deletion of the flexible loop regions of Bcl-2 and Bcl-XL, which are located between the first and second ␣-helices of these anti-apoptotic proteins and which were previously shown to be required for binding NLRP1, abrogated ability to inhibit caspase-1 activation, ATP binding and oligomerization of NLRP1. Conversely, synthetic peptides corresponding to the loop region of Bcl-2 were sufficient to potently inhibit NLRP1. These findings thus demonstrate that the loop domain is necessary and sufficient to inhibit NLRP1, providing insights into the mechanism by which anti-apoptotic proteins Bcl-2 and Bcl-X L inhibit NLRP1. apoptosis ͉ innate immunity N LR-family proteins [NOD-like receptors (NLRs)] are recently recognized components of innate immunity, constituting large families of related proteins that contain a nucleotide-binding oligomerization domain called NACHT and several leucine-rich repeat (LRR) domains involved in pathogen sensing (1, 2). Binding of pathogen-derived molecules to the LRRs is thought to induce conformational changes that allow NACHT-domain mediated oligomerization, thus initiating downstream signaling events, including activation of proteases involved in cytokine processing and activation. In this regard, the NACHT and LRRs are often associated with other domains that allow many of the NLRs to bind directly to pro-caspase-1 (via CARD domains) or indirectly through adaptor proteins (via PYRIN domains). Caspase-1 belongs to the inflammatory group of caspases, which cleave prointerleukin-1␤ (IL-1␤), pro-IL-18, and pro-IL-33 (3) in the cytosol, thus preparing them for secretion. Excessive activation of caspase-1 can also induce cell death, either by apoptosis (4) or by a variant, recently termed ''pyroptosis,'' especially during host responses to pathogens (for review, see ref. 5).
NLRP1b isoform was reported to be crucial for anthrax lethal toxin-mediated macrophage cell killing (9) , whereas the human ortholog is involved in tissue injury in the context of UV-irradiated keratinocytes (10, 11) . In addition, hereditary polymorphisms in NLR-encoding genes are involved in several autoimmune and inflammatory diseases (12) , including NLRP1, which is associated with vitiligo and related autoimmune diseases (13) .
Recently, we reported that anti-apoptotic proteins Bcl-2 and Bcl-X L are capable of binding and inhibiting NLRP1, thus suppressing caspase-1 activation and IL-1␤ production in cultured cells and in mice (8) . Structure-function studies demonstrated that an Ϸ50-aa flexible loop between the first and second ␣-helices of Bcl-2 and Bcl-X L is critical for their association with NLRP1 in cells. However, the biochemical mechanism by which Bcl-2 and Bcl-X L accomplish their inhibition of NLRP1 is unknown. Using an in vitro reconstituted system employing purified recombinant proteins, we investigated the mechanism of NLRP1 suppression by Bcl-2 and Bcl-X L .
Results

Bcl-2 and Bcl-XL Inhibit NLRP1-Mediated Caspase-1 Activation in Vitro.
Previously, we used the baculovirus expression system to produce and purify NLRP1 and pro-caspase-1 proteins and showed that the combination of MDP and ATP induces NLRP1 oligomerization and caspase-1 activation (7) . Using this in vitro reconstituted system, we then tested the effects of recombinant Bcl-2 and Bcl-X L proteins produced in bacteria. In addition, we contrasted these proteins with a mutant of Bcl-X L lacking a ''loop'' between the first and second ␣-helices, which we previously determined to be important for binding of Bcl-X L to NLRP1 in cells (8) [see Fig. S1 for depiction of proteins used for these studies]. For these initial experiments, Bcl-2-family proteins and various control proteins were added at 2ϫ molar excess relative to NLRP1, then MDP and ATP were added, and caspase-1 activity was subsequently measured using a fluorigenic peptide substrate. Both Bcl-2 and Bcl-X L inhibited NLRP1-driven caspase-1 activity, whereas Bcl-X L ⌬Loop, Bid, and GST control proteins did not (Fig. 1A) . Consistent with the inhibition by Bcl-2 and Bcl-X L of NLRP1-mediated caspase-1 activity, we observed that MDP/ATP-induced proteolytic processing of pro-caspase-1 to produce the cleaved p10 catalytic subunit (detected by immunoblot analysis of reactions) was also inhibited by Bcl-2 and Bcl-X L (Fig. 1B Upper) . Moreover, in vitro proteolytic processing of pro-IL-1␤ was also inhibited by Bcl-2 and Bcl-X L (Fig.  1B Lower) , thus confirming the results for a natural caspase-1 substrate. In contrast, Bcl-X L ⌬Loop failed to inhibit caspase-1 cleavage and IL-1␤ processing, consistent with the data above. In accordance with these functional data, recombinant His-6-NLRP1 was found to bind GST-Bcl-2 and GST-Bcl-X L in vitro, as shown by GST-pull down assays, but not GST-Bfl1 (Fig. 1C) , a Bcl-2-family member that we previously reported lacks NLRP1 inhibitory activity in cells (8) . In addition, deletion of the loop domain from Bcl-X L abolished binding to NLRP1 in vitro (Fig. 1D) , as shown by GST pull down assays where GST-NLRP1 was mixed with His-6-Bcl-X L versus His-6-Bcl-X L ⌬Loop. Taken together, these results show that Bcl-X L mediates inhibition of NLRP1-driven caspase-1 activation through Loop-dependent binding to NLRP1.
Next, we determined the concentration dependence of NLRP1 inhibition by Bcl-2 and Bcl-X L , observing that suppression of NRLP1-induced caspase-1 activity follows a hyperbolic curve to reach essentially complete inhibition at concentrations of Bcl-2 or Bcl-X L that are 2ϫ the concentration of NLRP1 ( Fig. 2A ). To exclude a direct effect of Bcl-2 and Bcl-X L on caspase-1, as opposed to NLRP1, we tested the effects of these anti-apoptotic proteins on fully active, proteolytically processed caspase-1 comprised of p20 and p10 catalytic subunits purified from bacteria (Fig. S1 ). When added at 2-fold molar excess relative to caspase-1, neither Bcl-2 nor Bcl-X L suppressed caspase-1 activity (Fig. 2B) . In contrast, caspase-1 was completely inhibited by a peptide inhibitor, Ac-TrpGlu-His-Asp-aldehyde (Ac-WEHD-CHO) (Fig. 2B ).
Bcl-2 and Bcl-XL Inhibit ATP Binding to NLRP1 and Suppress Oligomerization. Previously, using the reconstituted NLRP1 inflammasome (7), we described that caspase-1 is activated after a 2-step process, in which MDP binding to NLRP1 first induces a conformational change of the protein, which is secondarily followed by ATP binding to mediate NLRP1 oligomerization (7) . Upon oligomerization of NLRP1, caspase-1 monomers associate with NLRP1 oligomers, which results in protease activation, presumably via an induced dimerization mechanism (14) . Among these molecular events, the binding of ATP to MDP-primed NLRP1 is readily measured by fluorescence polarization assay (FPA), using fluorescein isothiocyanate (FITC)-conjugated ATP (7). We therefore measured FITC-ATP binding to recombinant NLPR1 by FPA in presence and absence of Bcl-2-family proteins. The portion of specific binding of FITC-ATP to NLRP1 was determined by competition with unlabeled ATP, and data were then normalized to exclude the non-specific binding component (Fig. S2) . Addition of Bcl-2 or Bcl-X L at 8-fold molar excess relative to NLRP1 reduced ATP Analysis of NLRP1 binding to proteins by GST pulldown assay. His-6-NLRP1 was incubated with GSTBcl-2, GST-Bcl-XL, or GST-Bfl-1 fusion proteins (C), or GST-NLRP1 was incubated with His-6-Bcl-X L versus His-6-Bcl-X L⌬loop (D). Proteins associated with glutathione-Sepharose were analyzed by protein staining using Sypro Ruby. Note that gel mobility of GST-NLRP1 was reproducibly altered in reactions containing Bcl-X L, suggesting perhaps induction of a SDS-resistant conformational change in the protein. (20 M) , expressing data as mean Ϯ SD, n ϭ 3. Note that the lower concentration (0.625 nM) of active caspase-1 was used to achieve enzyme activity levels comparable to those obtained in reactions where NLPR1 was used to activate pro-caspase-1, thus achieving similar levels of protease activity.
binding by Ϸ80%, whereas control proteins GST, Bid, and Bcl-X L ⌬Loop had negligible effects (Fig. 3A) . Moreover, titrating various amounts of Bcl-2 or Bcl-X L proteins into reactions showed that suppression of FITC-ATP binding to NLRP1 by Bcl-2 and Bcl-X L was concentration-dependent and saturable ( Fig. 3B) , with half maximal inhibition obtained at a molar ratio of Ϸ1 for both Bcl-2: NLRP1 and Bcl-XL:NLRP1. In contrast, Bcl-X L ⌬Loop failed to inhibit ATP binding at all concentrations tested.
Since Bcl-2 and Bcl-X L inhibit ATP binding to NLRP1, we predicted they would inhibit NLRP1 oligomerization. Oligomerization of NLRP1 induced by MDP and ATP can be monitored using 2D gel-electrophoresis analysis, in which the first dimension is non-denaturing and thus preserves macromolecular complexes during electrophoresis and the second dimension contains SDS for subsequent identification of proteins based on their known molecular mass (7) . For these experiments, NLRP1 monomers were incubated with various proteins (GST, GST-Bcl-X L , His-6-Bcl-X L ⌬Loop) at Ϸ10-fold molar excess, then MDP and ATP were added to induce oligomerization (Fig. 4) . In the absence of other proteins, NLRP1 migrated in the Ϸ150-to 450-kDa range before addition of MDP/ATP. Addition of MDP/ATP caused much of the NLRP1 to shift to a larger complex (Ն1 MDa) (Fig. 4) , including material that failed to enter gels, and this oligomerization was not affected by addition of GST control protein (Fig. 4) . Adding GST-Bcl-X L suppressed oligomerization of NLRP1. Moreover, GST-Bcl-X L protein was found comigrating with non-oligomerized NLRP1 (range Ϸ150-450 kDa), consistent with the ability of Bcl-X L to bind NLRP1. In contrast, Bcl-X L ⌬Loop did not inhibit formation of NLRP1 oligomers, and this protein did not comigrate with nonoligomerized NLRP1 (Fig. 4) . Altogether, these data suggest that Bcl-X L interacts with unoligomerized NLRP1 to inhibit ATP binding and to suppress oligomerization.
Loop Region of Bcl-2 Is Sufficient to Inhibit NLRP1. We previously determined that the ''loop'' domains of Bcl-2 and Bcl-X L are required for binding to and suppression of NLRP1 in cells (8) , and extended these observations here to purified proteins. While necessary, it was unknown whether the loop region is sufficient for suppressing NLRP1. To study the effect of the loop domain in isolation, we chemically synthesized peptides corresponding to the loop region and other segments of Bcl-2 ( Fig. S3 ) and tested their effects in vitro on the reconstituted NLRP1 inflammasome when added at a 6-fold molar excess relative to NLRP1. Addition of Bcl-2 loop peptide (residues 35-83) inhibited NLRP1-mediated caspase-1 activation to nearly baseline levels (Fig. 5A ). In contrast, this 35-83 Bcl-2 loop peptide did not directly inhibit caspase-1, whereas the peptidyl inhibitor Ac-WEHD-CHO potently suppressed the activity of this protease (Fig. 5B) .
To characterize the sequence of the Bcl-2 loop responsible for inhibiting NLRP1, we synthesized a series of overlapping 20-mer peptides corresponding to the 35-83 region (Fig. S3 ) and tested their effects on NLRP1-mediated caspase-1 activation. These experiments showed that a peptide corresponding to residues 71-90 of Bcl-2 is sufficient to potently inhibit NLRP1, whereas other 20-mer peptides corresponding to 31-50, 41-60, 51-70, and 61-80 are inactive (Fig. 5C ). The effects of the full-loop peptide (35-83) and the active segment (71-90) were specific, as determined by experiments using a NLRP1 mutant lacking the LRRs. Unlike full-length NLRP1, the ⌬LRR mutant is constitutively active (not requiring MDP) and does not bind Bcl-2 or Bcl-X L (8) . As shown in Fig. 5D , neither the 35-83 nor the 71-90 loop peptides suppressed caspase-1 activation by NLRP1⌬LRR, whereas Ac-WEHD-CHO peptide completely neutralized caspase-1 activity. Finally, we compared the concentration dependence of NLRP1 inhibition by the 35-83 and 71-90 loop peptides. Both peptides demonstrated similar concentration-dependent inhibition, with sigmoidal curves, reducing caspase-1 activity to background levels (Fig. 5E) . The deduced IC 50 values (concentrations to inhibit NLRP1-induced caspase-1 activity by 50%) for the full-length 35-83 and 71-90 loop peptides were 11.38 Ϯ 4.51 nM and 9.92 Ϯ 0.86 nM, respectively. In contrast, a control peptide corresponding to residues 9-30 (BH4 domain) had negligible activity in this assay. These results indicate that residues 71-90 of Bcl-2 loop region are sufficient to inhibit NLRP1.
Next, we tested still shorter peptides within the region 71-90 peptide, examining the NLRP1 inhibitory activity of a series of 5-and 10-mers (Fig. 6A) . We observed that 10-mer 71-80 effectively inhibited NLRP1, while the 10-mer 81-90 did not. The 5-mer corresponding to the 71-80 peptide (71-75) was less potent. Furthermore, the importance of the 71-75 segment of the loop was suggested by comparison of a 76-90 peptide lacking this region with peptides 71-90 and 71-80, which contained this sequence (Fig. 6A) .
Consistent with the ability of the 71-80 peptide to suppress NLRP1-driven caspase-1 activity, this peptide also inhibited We explored the mechanism of NLRP1 inhibition by Bcl-2 and Bcl-X L using classical enzyme kinetics analysis. First, we determined the concentration dependence of NLRP1 inhibition by Bcl-2 and Bcl-X L , observing that suppression of NRLP1-induced caspase-1 activity follows a hyperbolic curve to reach essentially complete inhibition at concentrations of Bcl-2 or Bcl-X L that are 2ϫ the concentration of NLRP1 (Fig. 2 A) . Second, we performed a Lineweaver-Burk double-reciprocal transformation of the data, observing that addition of Bcl-2 or Bcl-X L (Fig. 6C) , or Bcl-2 Loop peptide 71-80 (Fig. 6D) changed the x axis intercept (Ϫ1/K m ) but not the y axis intercept (1/V max ), thus suggesting a competitive mechanism of inhibition. Of note, the affinity (K m ) of caspase-1 for its substrate Ac-WEHD-AMC was reduced 2-fold in presence of Bcl-2, Bcl-X L , or 71-80 peptide compared to control (5.04 Ϯ 0.5 M for Bcl-2, 6.05 Ϯ 0.24 M for Bcl-X L , and 5.62 Ϯ 1.58 M for 71-80 Bcl-2 peptide versus 2.62 Ϯ 0.35 M without inhibitor, see Table 1 ). From these values, we also calculated the inhibitory constants (K i ) for Bcl-2, Bcl-X L , and 71-80 peptide suppression of NLRP1 as 13.5 Ϯ 1.35 nM, 9.57 Ϯ 0.38 nM, and 10.9 Ϯ 3.07, respectively (Table 1) . Thus, Bcl-2, Bcl-X L , and the 71-80 Bcl-2 peptide are potent (low nanomolar) inhibitors of NLRP1 with respect to its ability to activate caspase-1.
Discussion
We demonstrate here that Bcl-2 and Bcl-X L directly and potently inhibit NLRP1. These studies were performed using purified recombinant proteins, thus eliminating the contributions of other factors, and unambiguously demonstrating a direct inhibitory effect of Bcl-2 and Bcl-X L on NLRP1. The K i values for Bcl-2 and Bcl-X L were Ϸ10 nM, suggesting physiologically relevant suppression. By comparison, the K i for inhibition of caspase-9 by XIAP is Ϸ30 nM (15) , showing that Bcl-2 and Bcl-X L suppress their target (NLRP1) with similar potency as this well-known caspase inhibitor. Furthermore, the concentration-dependent suppression of NLRP1 by Bcl-2 and Bcl-X L suggests a 1:2 molar complex. The mechanism of Bcl-2-and Bcl-X L -mediated suppression of NLRP1 is competitive, as shown by Lineweaver-Burk analysis. Because competitive inhibitors reduce the affinity of enzymes for their substrates, we interpret this result to mean that in the presence of Bcl-2-family proteins, the active site of caspase-1 does not form, thus effectively impairing the affinity (K m ) of caspase-1 for its substrate (Ac-WEHD-AMC). In this regard, we observed that Bcl-2 and Bcl-X L inhibit ATP binding by MDP-activated NLRP1, an event required for oligomerization of NLRP1, and we documented by nondenaturing gel electrophoresis experiments that Bcl-X L suppresses oligomerization of NLRP1. Thus, we surmise that the active site of caspase-1 does not form because Bcl-2 and Bcl-X L prevent NLRP1 oligomerization, and thus caspase-1 molecules are not brought into close apposition for activation. This interpretation is consistent with evidence that initiator caspases such as caspase-8 and -9 require assisted dimerization to induce conformational changes that establish the functionally active site of these enzymes (16). Because Bcl-2 and Bcl-X L inhibit NLRP1 even when its activating ligand MDP is provided, it seems likely that 2 events may be required to achieve NLRP1 activation in those cell-types where Bcl-2 or Bcl-X L is playing an inhibitory role. First, repression by Bcl-2 and Bcl-X L must be relieved. Second, once freed of Bcl-2 and Bcl-X L , NLRP1 must be activated by MDP or functionally equivalent ligands. How Bcl-2 and Bcl-X L are dissociated from NLRP1 in cellular contexts remains to be clarified. Previous domain mapping experiments showed that the NACHT and LRRs of NLRP1 are required for Bcl-X L binding (8) . Thus, posttranslation modifications, changes in protein conformation, and interaction of other proteins or of small non-protein ligands with the NACHT-LRR region of NRLP1 may free this NLR-family member from Bcl-2 and Bcl-X L . Alternatively, control of dissociation may occur at the level of Bcl-2 and Bcl-X L , affecting directly or indirectly the interacting loop domain (see below). Regardless, requirement for 2 steps-removal of repression (Bcl-2/Bcl-X L ) and addition of activating ligand (MDP)-would help to ensure that NLRP1 activation occurs only in appropriate cellular contexts, thus reducing chances for dysregulated production of IL-1␤ and other proinflammatory cytokines activated by caspase-1.
We extended our prior studies, in which the loop regions of Bcl-2 and Bcl-X L were shown, to be required for association with and suppression of NLRP1 in cells (8) , by showing here that deletion of the loop from purified recombinant Bcl-X L eliminates suppression of NLRP1 in vitro. Bcl-X L ⌬loop also failed to inhibit ATP binding and oligomerization of MDP-activated NLRP1, unlike intact Bcl-X L . Moreover, in this report, we also demonstrated that the loop of Bcl-2 is sufficient to inhibit NLRP1, based on experiments using synthetic peptides corresponding to this region of Bcl-2. Previously, it was unclear whether the loop domain directly inhibits NLRP1, versus the possibility that it affects the overall conformation of Bcl-2 and Bcl-X L in a manner such that the loop is required to generate conformational states that are competent to bind NLRP1. The data provided here argue that the loop directly inhibits NLRP1. Moreover, we observed that a synthetic 10-mer loop peptide corresponding to residues 71-80 is sufficient to suppress NLRP1-mediated caspase-1 activation. This peptide binds to NLRP1 with a high affinity (IC 50 Ϸ 10 nM), which is comparable to full-length loop peptide 35-83 (IC 50 Ϸ 12 nM), and to the full-length Bcl-2 and Bcl-X L proteins (K i Ϸ 10 nM). Thus, the loop appears to contain a peptidyl-ligand for NLRP1 that suppresses its activation. In this regard, the loop regions of Bcl-2 and Bcl-X L are unstructured in the available 3D structures of these proteins (17) , but when bound to NLRP1, segments of the loop may develop secondary structure or constrained structures that adapt to the relevant interacting surface of NLRP1. Comparisons of the sequences of the 71-80 loop region of human Bcl-2 with other species reveals strong conservation in primates, with partial conservation in lower mammals, comprising the motif P-L-X-T-P-A-A-P-(X) 1-3 -A (Fig. S4) . Conservation of this motif is also found in the loop of Bcl-X L .
Given the striking species-specific differences among NLRfamily proteins within vertebrates, we speculate that the peptidyl motifs of Bcl-2-family proteins responsible for binding specific NLRs may vary to accommodate those differences. Alternatively, suppression of NLRs by Bcl-2 family proteins may be a recent evolutionary adaptation, although this explanation seems unlikely given the prior precedent set by C. elegans where Bcl-2 homolog CED-9 binds the caspase activator CED-4. Interestingly, the loops of Bcl-2 and Bcl-X L are subject to posttranslational modifications, which to date include phosphorylation, deamidation, and proteolytic cleavage (18) (19) (20) . It will be important therefore in future studies to explore the functional consequences of these posttranslational modifications on the interaction of NLRP1 with Bcl-2 and Bcl-X L . Such modifications, for example, might contribute to mechanisms for releasing NLRP1 to allow subsequent caspase-1 activation. Also meriting note, somatic mutations have been reported in the loop region of Bcl-2 in lymphomas where the gene that encodes this anti-apoptotic protein is involved in chromosomal translocations with the Ig heavy-chain gene locus (21) . Thus, it may also be interesting to evaluate the effects of such mutations on Bcl-2/NLRP1 interactions.
In summary, we provide insights into the molecular mechanism by which Bcl-2 and Bcl-X L suppress the NLRP1 inflammasome. Moreover, the demonstration that a peptide derived from the loop of Bcl-2 is sufficient to recapitulate the inhibitory activity of the intact protein raises the possibilities of developing therapeutic cell-permeable peptides for suppressing NLRP1 activity in inflammatory diseases and of generating high-throughput screening (HTS) assays using these peptides for identification of chemical compounds that occupy the same peptide binding site on NLRP1 and that mimic the inhibitory activity of the Bcl-2 loop peptide. Such agents may find utility for preventing NLRP1-mediated 
